Permethrin is a type I (noncyano) pyrethroid that induces tremors at high concentrations and increases acoustic startle responses (ASRs) in adult rodents, however its effects in young rats have been investigated to a limited extent. ASR and tremor were assessed in adult and postnatal day (P)15 Sprague-Dawley rats at oral doses of 60, 90, or 120 mg/kg over an 8 h period. Permethrin increased ASR in adults, regardless of dose, and 20% of the high-dose rats showed tremor at later time points. For the P15 rats all doses induced tremor at all time points, and ASR was increased at 2 h in the 90 and 120 mg/kg groups with a trend in the 60 mg/kg group compared with controls. The 60 mg/kg group showed increased ASR at 4 and 6 h, whereas the 90 mg/kg group showed no differences from the controls at these times. The 120 mg/kg group showed decreased ASR from 4-to 8-h posttreatment. P15 and adult rats both showed plasma and brain cis-and transpermethrin increases after dosing. After the same dose of permethrin, P15 rats had greater cis-and trans-permethrin in brain and plasma compared with adults. P15 rats had an increased tremor response compared with adults even at comparable brain permethrin concentrations. For ASR, P15 rats responded sooner and showed a biphasic pattern ranging from increased to decreased response as a function of dose and time, unlike adults that only showed increases. Overall, young rats showed greater effects from permethrin compared with adults.
in the rat low doses of i.p. administered permethrin (30 or 60 mg/kg), cis-permethrin (30 mg/kg), or deltamethrin (2 mg/kg), but not trans-permethrin (30 mg/kg), produce decreased operant response rates 20 min after administration in the absence of overt toxicity (Bloom et al., 1983) . Decreased operant responses were also observed following higher oral doses of permethrin (300 mg/kg in 1 ml/kg corn oil (Peele and Crofton, 1987) . Decreases in locomotor activity were similar for type I (eg, permethrin gavaged at 200 mg/kg in 1-ml/kg corn oil) and type II pyrethroids (eg, deltamethrin gavaged at 4 mg/kg in 0.2 ml/kg corn oil) (Crofton and Reiter, 1984 . However, when rats were administered permethrin at doses of 30-120 mg/kg in 1 ml/kg or less of corn oil by gavage, increased acoustic startle responses (ASRs) were seen 1.5-3 h after administration (Crofton and Reiter, 1988; Hijzen and Slangen, 1988) , whereas significant decreases were observed in ASR after deltamethrin (Crofton and Reiter, 1984 . For postnatal day (P)21 rats, 30, 60 or 120 mg/kg permethrin did not have an effect on ASR, whereas deltamethrin (1, 2, and 4 mg/kg) decreased ASR 2 h after administration (Sheets, 2000) . Thus, in these experiments ASRs were able to qualitatively differentiate types I and II pyrethroids in adult and P21 rats. There are few studies examining ASR or other neurotoxic effects of pyrethroids in developing rodents and even fewer comparing across ages. What is missing from the literature is a direct comparison of adult and developing rats following permethrin administration under comparable conditions (same lab, same procedures, equipment, and dosing volume) to determine if there is a difference in sensitivity between adult and developing rats.
Accordingly, ASR and tremor were compared following permethrin administration in adult and P15 rats. The LD 50 for permethrin in adult rats is 1200-1500 mg/kg when given in 5-ml/kg corn oil vehicle (Cantalamessa, 1993) and increases to 8900 mg/kg if undiluted (reviewed in Soderlund et al., 2002) . For neonatal rats, the LD 50 is age-dependent and ranges from approximately 341 mg/kg at P8 to 471 mg/kg at P21 when given in 5 ml/kg corn oil (Cantalamessa, 1993) . The time of peak effect for tremor following gavage of 120 mg/kg permethrin is 5 h in adult rats, and increased ASR was also observed at 5 h following doses of 90 or 180 mg/kg permethrin in 1 ml/kg corn oil (Hudson et al., 1986) . It should be noted that the LD 50 and the ED 50 for pyrethroids are dependent upon a number of factors including, but not limited to, age of animal, the ratio of stereoisomers, route of administration, vehicle, as well as dose volume (Wolansky and Harrill, 2008; Wolansky and Tornero-Velez, 2013) . The dosing volume for permethrin in this study was 5 ml/kg to allow for comparison to findings described by Weiner et al. (2009) . Therefore, the first experiment was to determine if increased ASR in adult rats occurs 2 h after permethrin administration. Because this initial study failed to show effects, new procedures were investigated in order to determine if effects could be obtained. Once the effect was obtained in adult rats, subsequent experiments investigated the acute behavioral neurotoxicity of permethrin in P15 and adult rats using identical procedures with doses well below the LD 50 . Rats were gavaged with a range of doses of permethrin (60-120 mg/kg) and tested repeatedly for ASR over the course of 8 h. Other rats were used to determine permethrin levels in brain and plasma at the same time points when ASR was assessed. Because permethrin was administered as a cis/trans mixture, the cis and trans isomers were analyzed separately. As noted earlier, the cis and trans isomers of permethrin produce different effects in adult rats (Bloom et al., 1983) . Taken together these experiments tested whether there are age-dependent differences in ASR and tremor in relation to internal compound concentrations as a function of time.
MATERIALS AND METHODS

Animals.
For the experiments with adult rats, male SpragueDawley CD, IGS rats (strain No. 001) were obtained from the supplier (Charles River, Raleigh, North Carolina) and pair-housed and tested between 60 and 90 days of age. For the experiments with P15 rats, male and female rats were obtained by breeding in-house from the same strain and from the same supplier. All rats were habituated to the vivarium in polysulfone cages (46 Â 24 Â 20 cm) for a minimum of 1 week prior to use. Cages contained woodchip bedding and a stainless steel hut as enrichment (Vorhees et al., 2008) . For breeding, male and nulliparous females were housed together in cages with a wire subfloor, and cages were examined daily for the presence of a sperm plug. The day a sperm plug was found was designated as embryonic day 0 (E0). On E1 gravid females were individually housed. Date of birth was designated P0. On P1 each litter was culled using a random number table to 4 males and 4 females. A split litter design was used because it provides control over metagenome and microbiome since littermates share the same intestinal flora and fauna (Stappenbeck and Virgin, 2016) .
The vivarium is AAALAC International-accredited, pathogen free, and uses a Modular Animal Caging System (Alternative Design, Siloam Spring, Arkansas) with HEPA filtered air that is supplied via the Flex-Air System at 30 air changes/h (Alternative Design). Rats had ad libitum access to NIH-07 rat chow and reverse-osmosis filtered, UV purified water with a Lixit automated delivery system (SE Lab Group, Napa, California). Temperature (19 C 6 1 C), humidity (50% 6 10%), and light-dark cycle (14:10 h, lights on at 600 h) were automatically controlled. Rats were treated in accordance with protocols approved by the Cincinnati Children's Research Foundation's Institutional Animal Care and Use Committee.
Permethrin. Permethrin was provided by Valent BioSciences Corp. (Long Grove, IL: Lot No. VTC-1066-33A) as a 43% cis: 57% trans formulation. Permethrin was > 95% pure and stored at 4 C prior to use. Storage at 4 C crystalized the material and it was heated to 40 -50 C until it returned to a liquid state prior to use.
Permethrin in vehicle was mixed continuously on a mixing plate with a magnetic stir bar for more than 24 h before use. Doses of permethrin ranged from 0 to 120 mg/kg and were delivered in 5-ml/kg corn oil (Acros Organics, Geel, Belgium). Permethrin was administered by gavage via a stainless steel 20-gauge gavage needle with a 2.25-mm diameter ball-tip (Cadence Science, Cranston, Rhode Island) that was 2.54-cm long for P15 rats or 7.62-cm long for adult rats. The 5 ml/kg volume was determined by the sponsor, Council for the Advancement of Pyrethroid Human Risk Assessment, LLC (CAPHRA) to allow for comparison to observational findings described by Weiner et al. (2009) .
Acoustic startle response. ASR was measured in 8 SR-LAB apparatus (San Diego Instruments (SDI), San Diego, California). Rats were placed in acrylic cylindrical holders (SDI large animal enclosure for adult rats and SDI small rodent enclosure for P15 rats) mounted on a platform with a piezoelectric accelerometer attached to the underside; the platforms were located inside sound-attenuating chambers with a house light and fan. The sensitivity setting of the accelerometers was adjusted by age to avoid exceeding the maximum capacity of the device for adult rats and to increase detection sensitivity in P15 rats. A 5-min adaptation period preceded trials. Each ASR session was 50 or 100 trials depending on the experiment. The pulse was a 20 ms, 120-dB SPL mixed frequency white noise burst (rise time 1.5 ms). The recording window was 100 ms and started at the onset of the pulse. Maximum startle amplitude (V max ) and average startle amplitude (V avg ) were measured in mV. A baseline was obtained at the beginning of each trial and this was subtracted from V max .
Experiment 1. The first experiment was to show that the increased ASR following permethrin reported in the literature could be replicated when delivered in corn oil at a dose volume of 5 ml/kg, since published experiments used dose volumes of 1 ml/kg or less in Long-Evans or Wistar rats (Crofton and Reiter, 1988; Hijzen and Slangen, 1988; Hudson et al., 1986) . Doses were 0, 60, 90, and 120 mg/kg of permethrin with 12 adult males/dose matched for body weight 6 SEM (mean 421.8 6 3.0 g with a range of 91.7 g). Food was removed 2 h prior to permethrin administration. Observations for tremor and salivation were noted and body weights recorded on the day of permethrin administration. There were 50 ASR trials and rats were counterbalanced for dose and test chamber. Testing began 2 h after permethrin administration.
Experiment 2. In experiment 1, regardless of group membership, rats showed signs of stress that were more prominent compared with historical studies of ASR in our laboratory. Therefore, to reduce stress in experiment 2, ASR was assessed across days with corn oil gavage before each test session. Thirteen adult male rats (mean body weight 6 SEM on day 1 ¼ 487.6 6 31.3 g) were used in the experiment. Each rat was tested for ASR on 3 consecutive days using the same protocol as above with the exception that there were 100 trials per day instead of 50.
Experiment 3. This experiment determined if the effects of permethrin on ASR were delayed due to prolonged absorption because of the increased dosing volume of corn oil compared with earlier studies. On the first day, 6 adult male rats were gavaged with corn oil and tested 2, 4, 6, and 8 h later for ASR for 100 trials at each time point. Two days later the same rats were given a dose of 72 mg/kg permethrin and tested again the same way.
Experiment 4. In this experiment, the dose groups were 0, 60, 90, and 120 mg/kg of permethrin with 15 adult male rats per group (mean weight 6 SEM 334.9 6 3.2 g). On the first day, all rats were gavaged with corn oil and 2 h later given 100 ASR trials. After ASR trials, rats were matched on average V max responses and assigned to 1 of 4 groups. On the second day, rats were gavaged with permethrin and tested at 2, 4, 6, and 8 h posttreatment for 100 ASR trials per time point. Signs of salivation or tremor were noted prior to and after each ASR test session.
Experiment 5. The effect of permethrin on ASR of P15 male and female rats was assessed with 16 litters. As with the adult rats, the doses were 0, 60, 90, and 120 mg/kg of permethrin with 16 female and 16 male rats/dose with only 1 male and 1 female per litter per dose (Table 1 ). The mean 6 SEM female weight was 34.3 6 0.4 g and the mean 6 SEM male weight was 35.3 6 0.4 g. On P14 pups were gavaged with corn oil and tested 2 h later for 100 ASR trials. Pups were matched on average V max response within litter (but not across litters) and assigned to 1 of the 4 permethrin groups. On P15 pups were gavaged with permethrin and tested as above at 2, 4, 6, and 8 h posttreatment. Signs of salivation or tremor were noted prior to and after each ASR session and rated on a scale from 0 to 3 (0 ¼ not present, 1 ¼ mild, 2 ¼ moderate, and 3 ¼ severe).
Experiment 6. The internal dose was determined in this experiment for P15 and adult rats. Separate groups of P15 (8 males and 8 females per dose per time point from 32 different litters; Table 1 ) and adults (8 males per dose per time point) were used for plasma and brain collection. Rats were dosed with 60, 90, or 120 mg/kg of permethrin, and trunk blood and whole brain were collected at 2, 4, 6, or 8 h after dosing. Since behavior was not assessed in these rats, there was no prior day gavage with corn oil. Following decapitation trunk blood was collected in heparinized tubes. A 0.64 M sodium fluoride solution (approximately 100 ml/ml of blood) was added to each sample to inhibit carboxylesterases that metabolize pyrethroids. The blood was centrifuged at 1500 g for 15 min to separate plasma from red blood cells. Plasma was transferred to polyethylene tubes, frozen, and stored at À80 C. Brain was rapidly removed and snap-frozen in isopentane, placed in tubes, and stored at À80 C. Brain and plasma samples were sent overnight on dry ice to Frontage Laboratories, Inc (Exton, PA) for cis-and trans-permethrin determination by liquid chromatography tandem mass spectrometry (LC/MS/MS). For each isomer in plasma, 20 ml permethrin-d 5 internal standard, 1 mg/ml were added to the samples and vortexed for 1 min. Acetonitrile (400 ml) was added and vortexed for 1 min. For adult and P15 brain, tissues were weighed and a 50:50 mixture of H 2 O/acetonitrile (containing 0.64 M sodium fluoride) was added 5:1. Brains were then homogenized for 60 s at 6 m/s on a MP fast prep-24TM 5 g with 2 ceramic beads (1/4 00 ceramic sphere, MP Biomedicals). The homogenates were vortexed and then stored at À20 C until assayed. Aliquots of 60 ml sample homogenates had 20 ml of glycerol formal, permethrin-d 5 , and 20 ml of acetonitrile added and vortexed for 1 min. Acetonitrile (150 ml) was added and vortexed for 1 min. The sample mixtures were centrifuged for 5 min at 2300 rcf. After centrifugation, 20 ml of the supernatant was transferred into high pressure liquid chromatography vials containing 200 ml of reconstituted solution (5 mM ammonium acetate in methanol:water 50:50 v/v) for plasma or 400 ml for brain and vortexed for 1 min. A 5 ml of the vortexed solution was injected into an API5000 LC/MS/MS system. Limit of quantification was 0.1 mg/ml in 20 ml aliquots of plasma or 60 ml aliquots of brain homogenate for both isomers.
Values falling below the limit of quantification were given the minimal detection value of 0.1 mg/ml to avoid zero values in statistical analyses. The only values that fell below the limit of detection were for trans-permethrin in the adult rats. For brain trans-permethrin, most of the values were below the detection limit at 2 and 8 h, regardless of dose, as well as for most values in the 60 mg/kg group. For plasma, the lower limit was observed mostly at the 8 h time point with 50%, 38%, and 13% at the limit in the 60, 90, and 120 mg/kg groups, respectively. Values > 2 SDs from the mean of the group were excluded.
Statistical procedures. Data were analyzed using mixed linear analyses of variance (ANOVA) models (SAS Proc Mixed, SAS Institute, Cary, North Carolina, version 9.3 TS Level 1M2) with an autoregressive-1 covariance structure. Kenward-Rogers first order method was used to calculate degrees of freedom. Significant interactions were analyzed using slice-effect ANOVAs at each level of the repeated measure factor. Dunnett's test was used to determine significant differences between permethrin groups versus controls or Tukey-Kramer method for comparisons between dose levels. The P15 experiment used a split-litter design, therefore in order to ensure that litter effects were controlled, litter was a block (random) factor in a completely randomized block ANOVA. Permethrin group (dose) and sex were between factors within each block and litter was the block factor (Williams et al., 2017) . Test interval for ASR was the within factor. Proc CORR was used to determine correlation coefficients between body weight and ASR as well as between V max and V avg . Significance was set at p .05 (2-tailed where no a priori prediction was made). For cases where specific predictions were made, directional tests were used. Data are presented as least square (LS) mean 6 SEM.
RESULTS
Experiment 1
There were no differences among groups for V max or V avg . The LS means and SEM for V max were as follows (mV): Control ¼ 718.0 6 190.6; 60 mg/kg ¼ 893.9 6 190.6; 90 mg/kg ¼ 831.15 6 190.60; 120 mg/kg ¼ 777.54 6 190.60. The correlation between V max and V avg was r ¼ 0.99, p < .0001. The correlation between body weight and ASR was r ¼ À0.17, not significant. These data demonstrate that body weight has no relationship to V max and, therefore, ASR rather than body weight was used to match groups for permethrin ASR assessment.
Experiment 2
In this experiment, rats were tested for 3 days with only corn oil given prior to each test session. For V max ( Figure 1A ) and V avg ( Figure 1B ) there were no significant differences across days in response amplitude. However, examination of the correlation between each of the days for V max showed that days 2 and 3 had a correlation of r ¼ 0.8, p < .001, whereas the correlations between day 1 with days 2 or 3, were r ¼ 0.56, p < .05 and r ¼ 0.38, respectively (not significant). Examination of the correlation with body weight over the 3 days showed that there was no significant correlation of body weight with V max (day 1, r ¼ 0.42; day 2, r ¼ 0.05; and day 3, r ¼ À0.11). These data show that within subject ASR variation stabilizes after day 1 and therefore, we used a 2-day procedure with the first day as an acclimation day in the rest of the experiments in order to reduce the variation intrinsic to the first ASR session without permethrin and then with permethrin on the second day.
Experiment 3
In this experiment, the prediction was that permethrin would increase V max at later time points due to delayed absorption using 5 ml/kg CO (Hudson et al., 1986) . For V max there was a significant effect of dose (1, 5) ¼ 5.82, p < .03, but no effect of time or the dose by time interaction. Figure 1C shows that after permethrin administration to adult rats, V max was greater at each test interval compared with corn oil administration. A similar effect was found for V avg (not shown) with a correlation between V max and V avg of r ¼ 0.99, p < .0001.
Experiment 4
This experiment tested the effect of permethrin in adult male rats over an 8-h period with predicted increases. No rat administered 60 or 90 mg/kg of permethrin showed signs of tremor. In the 120 mg/kg group, 3 rats (ie, 20%) showed tremor at the 6 and 8 h time points. At the 4-h time point, salivation was noted in 2 rats in the 90 mg/kg group and 1 rat in the 120 mg/kg group. No mortality occurred. For ASR V max , there were effects of dose (3, 75.4) ¼ 6.23, p < .0008, hour (p < .0001), and the interaction of dose Â hour (9, 179) ¼ 2.36, p < .02 ( Figure 1D ). Examination of the Dose effect showed that the 90 and 120 mg/kg permethrin groups had increased V max compared with controls, and there was no difference in the 60 mg/kg group. Analysis of the interaction showed no differences at 2 h. At 4, 6, and 8 h, the 90 and 120 mg/kg groups had greater V max than controls (p's < .006-.0001), whereas the 60 mg/kg rats had greater V max at 6 h (p < .04) with a trend at 8 h (p < .06). A similar pattern was observed for V avg (not shown). The correlation between V max and V avg was r ¼ 0.993, p < .0001.
Experiment 5
This experiment tested the effect of permethrin in P15 female and male rats from 16 different litters over an 8-h period. Every rat administered permethrin showed signs of tremor at all time points with greater severity ratings as the dose increased with peaks at about 6 h (Figs. 2A and 2B, pre and post ASR testing, respectively). For salivation, 3 of the 60 mg/kg rats, 6 of the 90 mg/ kg rats, and 13 of the 120 mg/kg rats showed signs at least once with the effect not lasting longer than 2 h (not shown). In the P15 rats, unlike in the adult rats, there was some mortality. At 6 h after dosing, 1 female and 2 males in the 120 mg/kg group died, and at 8 h, 1 female and 1 male given 90 mg/kg and 1 female and 3 males given 120 mg/kg died (Table 1) . 
The number of rats dead/sex/hour is shown in parenthesis.
For ASR of P15 female and male rats, there were effects of Dose (3, 122) ¼ 10.80, p < .0001, Hour (p < .0001), and the interaction of dose Â hour (9, 352) ¼ 15.94, p < .0001, but no sex-related effects. Examination of the dose Âhour interaction showed that there were significant increases in the 90 (p < .004) and 120 (p < .0001) mg/kg dose groups with a trend for the 60 (p < .06) mg/kg group compared with controls at 2 h. At 4 and 6 h increases were observed in the 60 mg/kg group (p's < .0001) with no difference at 8 h compared with controls. For the 90 mg/kg group there was a trend at 4 h (p < .1) with no differences at 6 or 8 h, and in the 120 mg/kg group there were decreases from 4-8 h (p's < .03, .0005, and .002) compared with controls ( Figure 2C ). The correlation between V max and V avg average response was r ¼ 0.917, p < .0001.
Experiment 6
General internal dose pattern. This experiment examined plasma and brain concentrations of cis-and trans-permethrin in adult male rats and P15 female and male rats. For cis-permethrin (Figure 3 ), plasma and brain levels increased with increasing dose and levels were higher in P15 female and male rats than in adult male rats. Although brain and plasma levels of trans-permethrin ( Figure 4 ) were generally higher with increasing doses in P15 female and male rats, this was not always the case in adult male rats where levels were generally low. Nonetheless, trans-permethrin plasma and brain levels were higher at identical administered dose levels in the P15 rats than in the adult rats.
cis-permethrin. For cis-permethrin in plasma of adult male rats, there were effects of dose (2, 79) ¼ 17.55, p < .0001 and hour (p < .0001), whereas the dose Â hour interaction showed a trend (p < .08). The 120 mg/kg group (2.60 6 0.17 mg/ml) had higher cispermethrin than either the 90 (1.95 6 0.18 mg/ml, p < .03) or 60 mg/ kg (1.20 6 0.17 mg/ml, p < .0001) groups, and the 90 mg/kg group had higher levels than the 60 mg/kg group (p < .009; Figure 3A) .
For cis-permethrin in brain of adult male rats, there were effects of dose (2, 81) ¼ 28.68, p < .0001, hour (p < .0001), and the dose Â hour interaction (6, 81) ¼ 3.09, p < .009. Similarly to plasma levels, in brain the 120 mg/kg group (1.15 6 0.06 mg/g) had higher cis-permethrin than either the 90 (0.84 6 0.06 mg/g, p < .002) or 60 mg/kg (0.50 6 0.06 mg/g, p < .0001) groups, and the 90 mg/kg group had higher levels than the 60 mg/kg group (p < .0004; Figure 3B ). Analysis of the interaction by slice ANOVAs showed there were no differences between groups at 2 h. At 4 h the 120 mg/kg group had higher brain concentrations of cis-permethrin than both the 60 and 90 mg/kg groups that did not differ from one another. At 6 h the 120 mg/kg rats had increased brain levels compared with only the 60 mg/kg group. At 8 h the 120 and 90 mg/kg groups had higher brain levels of cis-permethrin than the 60 mg/kg group.
For cis-permethrin in plasma of P15 female and male rats, there were effects of dose (2, 134) ¼ 49.19, p < .0001, hour (p < .007), dose Â sex (2, 135) ¼ 4.46, p < .02, and hour Â sex (3, 134) ¼ 3.90, p < .02. All doses were significantly different from one another ( Figure 3C : LS means 6 SEM: 60 ¼ 2.85 6 0.21 mg/ml; 90 ¼ 3.55 6 0.22 mg/ml; 120 ¼ 5.22 6 0.21 mg/ml; 60 vs 90 p < .02, all others p < .0001). A slice ANOVA for dose Â sex revealed a significant difference in the 120 mg/kg dose where males had higher levels compared with females (5.72 6 0.27 mg/ml vs 4.72 6 0.27 mg/ml, p < .005). A slice effect ANOVA for Hour x Sex showed a significant difference at 8 h with males having greater levels compared with females (3.81 6 0.37 mg/ml vs 2.47 6 0.38 mg/ml, p < .001). No other main effects or interactions were significant. . ASR (mean 6 SEM) in adult rats. A, V max for each day with control rats only; B, V avg for each day with control rats only. There were no differences in the mean response between days, although correlations were higher between days 2 and 3 than between 1 and the other days (n ¼ 13). C, Vmax for acoustic startle (mean 6 SEM) of adult rats given permethrin (PRM: 72 mg/kg in 3-ml corn oil) and tested every 2 h for 8 h. The day before rats received the same test after corn oil alone. There was a main effect increase in V max following permethrin administration compared with corn oil. *p < .05 (1-tailed), n ¼ 6 rats. D, V max for the acoustic startle (mean 6 SEM) of adult rats following administration of 0, 60, 90, or 120 mg/kg permethrin (PRM in 5-ml/kg corn oil). All doses of permethrin increased ASR with the 90 and 120 mg/kg groups showing the highest responses. The effect of permethrin was time dependent with increases not observed until 4 h after administration and sustained at least until 8 h (n ¼ 15/group). †p < .1, *p < .05, **p < .01, ***p < .001 versus corn oil control (1-tailed).
For cis-permethrin in brain of P15 female and male rats, there were effects of dose (2, 139) ¼ 91.52, p < .0001, hour (p < .0001), and dose Â hour (6, 139) ¼ 5.76, p < .0001. Neither Sex nor other effects were significant. All doses were significantly different from one another ( Figure 3D : 60 ¼ 1.01 6 0.09; 90 ¼ 1.55 6 0.09; 120 ¼ 2.22 6 0.21, all p's < .0001). Analysis of the interaction revealed no differences at 2 h, but from 4 to 8 h, all doses were significantly different from one another (p's < .003-.0001).
Trans-permethrin. For trans-permethrin in the plasma of adult male rats, there were effects of dose (2, 76) ¼ 10.51, p < .0001, hour (p < .0001), and dose Â hour (6, 76) ¼ 3.43, p < .005. The 60 mg/kg dose group had lower levels of trans-permethrin compared with the 90 and 120 mg/kg groups (p < .0001) that did not differ from one another ( Figure 4A : 60 ¼ 0.41 6 0.07; 90 ¼ 0.77 6 0.08; 120 ¼ 0.88 6 0.07 mg/ml). Slice effect ANOVAs on the interaction showed that only at 4 h did the 90 and 120 mg/kg groups have significantly greater levels compared with the 60 mg/kg group (p < .0001: Figure 4A inset) .
In brain of adult male rats for trans-permethrin, there were effects of dose (2, 76) ¼ 12.04, p < .0001, hour (p < .0001), and dose Â hour (6, 76) ¼ 10.22, p < .0001. The 120 mg/kg dose group had higher trans-permethrin levels compared with the 60 (p < .0001) and 90 (p < .009) mg/kg groups that did not differ from one another ( Figure 4B : 60 ¼ 0.11 6 0.01; 90 ¼ 0.13 6 0.01; 120 ¼ 0.16 6 0.01 mg/g). Comparable to plasma, slice-effect ANOVAs on the interaction showed that only 4 h was significant and all groups were different from one another (p's < .0009, Figure 4B inset).
For trans-permethrin in plasma of P15 female and male rats, there were effects of dose (2, 133) ¼ 56.05, p < .0001, hour (p < .001), dose Â sex (2, 133) ¼ 6.93, p < .002, and hour Â sex (3, 133) ¼ 3.53, p < .02. All doses were significantly different from one another ( Figure 4C : 60 ¼ 2.80 6 0.21; 90 ¼ 3.48 6 0.21; 120 ¼ 5.33 6 0.21 mg/ml: 60 vs 90, p < .02 others p < .0001). The 120 mg/kg males had higher levels compared with females (p < .0004: females ¼ 4.70 6 0.27 mg/ml and males ¼ 5.96 6 0.27 mg/ml), and males at 8 h had higher levels than females (p < .002: females ¼ 2.31 6 0.37 mg/ml and males ¼ 3.64 6 0.37 mg/ml). No other effects were significant.
For trans-permethrin in brain of P15 female and male rats, there were effects of Dose (2, 139) ¼ 86.95, p < .0001, Hour (p < .0006), dose Â hour (6, 139) ¼ 4.18, p < .0007. All doses were significantly different from one another ( Figure 4D : 60 ¼ 0.55 6 0.05; 90 ¼ 0.85 6 0.05; 120 ¼ 1.28 6 0.05 mg/g, all p's < .0001). Slice-effect ANOVAs showed that at 2 h the 120 mg/kg group had higher levels than the 60 mg/kg group (p < .03), however at 4, 6, and 8 h, all groups were significantly different from one another (p's < .03-.0001). No sex or other effects were found. Tremor and ASR (mean 6 SEM) in P15 male and female rats (combined). A, tremor severity score prior to and, B, tremor severity score after each ASR test session, and C, ASR V max . Effects are following administration of 0, 60, 90, or 120 mg/kg permethrin. Tremor severity was dose-dependent and greater after each ASR session than after each ASR session (panel A vs. B), especially at 2 h. ASR was increased in all groups by 2 h; it rose and then began to decline in the 60 mg/kg group; rose and then slightly declined in the 90 mg/kg group and rose at 4 h and remained high in the 120 mg/kg group. ASR was increased at 2 h in the 120 mg/kg group then shifted to being significantly decreased from 4 to 8 h. The 90 mg/kg group showed elevated ASR at 2 h, a slight decrease at 4 h and no differences at 6-8 h. The 60 mg/kg group showed elevated ASR at all times except 8 h compared with the corn oil group. †p <.1, *p < .05, **p < .01, ***p < .001 versus corn oil control. n ¼ 16 females (F) and 16 males (M) per group; however, because of deaths at 6 h there were 15 females and 14 males in the 120 mg/kg group. At 8 h there were 15 females and 15 males in the 90 mg/kg group and 14 females and 11 males in the 120 mg/kg group (Table 1) .
DISCUSSION
These experiments were designed to compare neurotoxicity responses of tremor and ASR to permethrin in adult and P15 rats and compare these responses to brain and plasma concentrations of permethrin. The first experiment was to determine if ASR was increased in adult rats 2 h after permethrin administration in a volume of 5 ml/kg corn oil, rather than the 1 ml/kg or less volume used in prior studies (Crofton and Reiter, 1988; Hijzen and Slangen, 1988; Hudson et al., 1986) . In this Figure 4 . The levels (mean 6 SEM) of trans-permethrin (PRM) in adult male plasma (A) and brain (B) and P15 female and male plasma (C) and brain (D). In P15 rats there was no significant Sex effects, therefore levels shown are combined (interactions are described in the text). A, B for adult males, the 60 mg/kg group had lower plasma and brain levels than the 90 or 120 mg/kg PRM groups (inset). C, D for P15 female and male rats, dose-dependent increases were observed in plasma and brain. For adult plasma, n ¼ 6-8. For adult brain (n ¼ 7-8). For P15 plasma, n ¼ 7-8. For P15 brain (n ¼ 7-8). . Levels (mean 6 SEM) of cis-permethrin (PRM) in adult male plasma (A) and brain (B) and P15 female and male plasma (C) and brain (D). In P15 rats there were no significant Sex effects and therefore sexes are combined (interactions are described in the text). Dose-dependent increases were observed with the peak reached between 4 and 6 h, except in P15 brain where the peak was slightly greater at 8 than at 6 h. n ¼ 8 for adult at each dose and time. For P15, n ¼ 7-8 at each dose and time. See text for significance. study, in adult rats using the 5 ml/kg dosing volume, there were no differences 2 h after administration on ASR at the 3 permethrin doses tested. This is in contrast to increases in ASR that were reported as soon as 1.5 h after permethrin administration delivered in a volume of 1 ml/kg (Crofton and Reiter, 1988; Hijzen and Slangen, 1988) . Attenuated potency with larger dosing volumes was demonstrated previously for bifenthrin (Wolansky et al., 2007) and here with permethrin. This suggests that the rate of absorption was slowed by the increased volume of corn oil (or some unknown factor) to influence the lack of effect on ASR. Anecdotal evidence for the rats used in the initial study suggested that they displayed pronounced stress-related behaviors that included increased defecation and agitation upon removal from the ASR apparatus. Therefore, the next experiment was designed to determine if prior ASR testing would reduce variability before testing the effects of permethrin. For this, rats were gavaged with 5 ml/kg corn oil before ASR to reduce stress reactivity by acclimating them to the apparatus and gavage procedure. While we showed no overall mean differences in the rats' ASR across 3 days of testing, correlations between days showed that the ASR of rats on day 2 was more predictive of the next day than the ASR on the first day. Thus, subsequent experiments included a day of ASR acclimation prior to testing for permethrin effects. On the acclimation day, the average V max was calculated for all the rats and then assignment to groups was made based on these responses. Hudson et al. (1986) found that the peak response of tremor following a 120 or 240 mg/kg dose of permethrin in 1 ml/kg corn oil in adult rats was 5-h posttreatment and rats given 240 mg/kg still had tremor 12-h posttreatment. They also showed that at 5-h postpermethrin administration (90 or 180 mg/kg) rats had a greater than 3-fold increase in ASR, even with tremor at peak levels, compared with controls. In the current experiment, peak ASR was observed at 6 h after 90 and 120 mg/kg permethrin showing a 3-fold increase. Interestingly, there was a lack of tremor in the rats that received 60 or 90 mg/kg and tremor was observed in only 20% of the rats given 120 mg/kg of permethrin. Taken together the data show that permethrin in a higher dosing volume produced the predicted increase in ASR in adult rats but was delayed to 4 h and beyond, while tremor was mostly absent. This would explain the lack of effect in experiment 1 as well.
A different pattern was observed in P15 rats. Unlike adult rats, P15 rats showed increased ASR at 2 h, and the lowest dose continued to show increased ASR for 6 h before declining. However, the high dose group showed increased ASR at 2 h, followed by decreased ASR thereafter, similar to what was reported with a type II pyrethroid (Sheets, 2000) . In agreement with a type II-like response, almost a third of the rats in the P15 high dose group showed salivation. Why this type II-like effect in the P15 rats occurs is unknown, but likely is a result of immature brain development, including differences in sodium channel composition, calcium channels, GABA channels, or the distribution of permethrin in the brain (Anadon et al., 1991; Soderlund et al., 2002) . Precedence for differential effects of pyrethroids in neonatal rats compared with adult rats was observed for bifenthrin on temperature regulation (Bardullas et al., 2015) . The administered dose of permethrin produced greater plasma and brain levels in the P15 rats compared with the adult rats, therefore making a direct comparison between ages difficult. Nonetheless, Figures 5C and 5D shows that for cis-permethrin, the P15 rats that received 60 mg/kg and the adult rats that received 120 mg/kg had comparable brain levels, although P15 rats had greater levels of trans-permethrin. Even with relatively comparable brain levels of cis-permethrin, 100% of the P15 rats showed tremor at all intervals whereas only 20% of the adult rats showed tremor at 6 and 8 h ( Figure 5A ). The ASR, however, was greater in adult rats compared with the P15 rats ( Figure 5B ). This may be an artifact of the greater body mass and muscular capability of adult versus P15 rats. Alternatively, it could be related to tremor interfering with ASR in P15 rats or a combination of these factors. Whether the magnitude of ASR reflects sensitivity differences across ages is not clear because of body mass and developmental differences and because the mass of the animal holder and the detection sensitivity of the apparatus were scaled to be appropriate to the size of P15 versus adult rats. Although the magnitude of ASR across age may be different, within each age the detection sensitivity is appropriate. As noted, the effect of pyrethroids are dependent upon the age of the animal, route of administration, volume of vehicle as well as other factors (Wolansky and Harrill, 2008; Wolansky and Tornero-Velez, 2013) . Previous studies on Type I and II pyrethroids have had mixed results on demonstrating differences in younger rats. For example, 30, 60, or 120 mg/kg permethrin in 1 ml corn oil in P21 rats had no effect on ASR, although the lack of effect was attributed to high variability in the experiment (Sheets, 2000) . Furthermore, only a single time point was assessed. Similarly, 2-4 mg/kg deltamethrin in 1-ml corn oil produced comparable reductions on ASR in P21 and P72 rats, even though the LD 50 for the P21 rats was much lower than in adult rats (Sheets et al., 1994) . For temperature regulation, bifenthrin produced hypothermia in P21 rats, an effect opposite of those previously observed in adult rats (Bardullas et al., 2015) . Cypermethrin produced a similar decrease in body temperature as observed in adult rats. Taken together with this study, it is suggested that the assessment of pyrethroids should take into account multiple time points, include direct comparisons of adult with developing rats, and may need to include different developmental ages.
Permethrin is rapidly metabolized by carboxylesterases and cytochrome P450 enzymes in mammals to inactive metabolites (Gammon et al., 2011; Gaughan et al., 1977; Ross et al., 2006) . Trans-permethrin is metabolized faster than cis-permethrin in adult rats (Gaughan et al., 1977) . In adult mice, the LD 50 of transpermethrin is about 8-fold greater than that of cis-permethrin (Glickman et al., 1981 (Glickman et al., , 1982 . In the P15 rats, trans-permethrin was increased in brain and plasma throughout the 8 h measured here and the levels were higher compared with the adults ( Figure 5D ). The increase in trans-permethrin is likely the result of age-related differences in carboxylesterases (Uddin and Titchener, 1968) . In both the P15 and adult rats, the peak for trans-permethrin in the brain was 4 h. However, by 6 h the adult rats had lower levels of trans-permethrin in the brain whereas the P15 rats showed prolonged elevation. Unfortunately, there are few data regarding the behavioral effects of trans-permethrin because of its rapid metabolism. In mice an intravenous injection of 135 mg/kg trans-permethrin induces short-term tremors that are gone within 1 h (Glickman et al., 1982) . Whether such an effect occurs in P15 rats is unknown, but an examination of the effects of trans-permethrin in neonatal rodents may be informative. There was an interaction with sex in the P15 rats for the cis-and trans-permethrin levels in plasma but only for the 120 mg/kg dose and only at 8 h. There were no sex differences in brain levels and that likely explains the lack of differences in ASR between males and females. The sex differences in plasma levels of permethrin were only apparent at the high dose and only at 8 h and may be the result of males being larger than females at this age when both sexes have reached full capacity to clear permethrin.
Tremor is centrally mediated as others showed that intracerebral ventricular injection of permethrin in mice elicits tremor with a >200-fold increase in potency compared with intravenous injection (Staatz et al., 1982) . Further, cis-permethrin was about 100-fold more potent than trans-permethrin in inducing tremor in mice. The levels of cis-and trans-permethrin in the adult brain were low at 2 h and this likely explains the lack of increased ASR at this early time. Furthermore, the difference in tremors may be explained by the lower levels of cis and transpermethrin in the brain of adults compared with P15 rats. Permethrin levels peaked between 4 and 6 h in brain and this is in agreement or slightly slower than shown in other studies (Anadon et al., 1991; Hooshfar et al., 2017; Tornero-Velez et al., 2012) . Because ASR and levels of permethrin were measured in different rats correlations are not possible; however, once brain levels of permethrin increased they remained elevated from 4 to 8 h, an effect that was observed in the P15 rats as well. Blood levels of permethrin tended to decrease over time so that by 8 h these levels were lower than at 2 h. In adult rats, a gavaged dose of 460 mg/kg permethrin in 0.5-ml corn oil distributed unevenly in the brain with greater levels found in the hypothalamus, caudate, and hippocampus compared with levels in the cerebellum and medulla (Anadon et al., 1991) . Interestingly, once permethrin distributes into the brain, there is a protracted period of elimination relative to that in plasma as shown here as well as in other studies (Anadon et al., 1991; Tornero-Velez et al., 2012) . Unfortunately, regional distribution of permethrin was not examined in this study. It is interesting that the hind brain regions receive less distribution of permethrin than forebrain regions in adult rats. Perhaps changes in regional distribution could help explain the differences in adult and P15 rats, although those data are not currently available.
There are limitations to the current experiments. One was not having levels of permethrin in the same rats that underwent ASR. This would have enabled correlations between brain levels and ASR. Similarly, whole brain levels of permethrin were used rather than regional levels and regional levels may be more relevant to ASR, particularly the caudal pontine reticular nucleus that mediates the reflex (Koch, 1999) . Another limitation is that only P15 rats were used for comparison with adult rats. Rats of other ages may have a different response to permethrin than P15 rats. Neurogenesis in some regions of the rat brain lasts throughout the preweaning period, whereas in humans most neurogenesis is completed before birth (Bayer et al., 1993; Clancy et al., 2001 Clancy et al., , 2007 . Thus, it is difficult to determine if similar effects of permethrin would be obtained in children. The exposure routes of permethrin for humans are predominately through ingestion (diet or other ingestion), dermal, or inhalation. In children, the absorption rate for permethrin is greater in 1-versus 2-year olds and greater in 2-versus 3-to 5-year olds (Wason et al., 2013) . Exposure to permethrin in children also tends to be at a constant low level because of its prevalence in the environment (Bradman et al., 2007; Wason et al., 2013) . The intake levels of permethrin are estimated to be between 0.0005 and 0.24 mg/kg/day in urban lowincome homes with similar levels from a simulated intake study (Wason et al., 2013; Zartarian et al., 2012) . Therefore, another limitation to this experiment is that only acute high doses of permethrin were examined instead of chronic low level exposure. Although, since rats have a 5-to 15-fold greater clearance capacity for cis-permethrin than humans as shown with hepatic microsomes (Scollon et al., 2009) , higher doses and more frequent doses would have to be given to rats to produce comparable internal levels.
In conclusion, with respect to the permethrin treatment, the data show that P15 rats have nonlinear changes in ASR compared with adults, ie, P15 rats respond sooner, are more sensitive to tremor, at some doses exhibit reduced ASR, an effect not seen in adult rats, and therefore, have an overall increased sensitivity to permethrin in comparison with the pattern of responses observed in adults. The increased absorption of permethrin in the P15 rats is likely the explanation for the increased sensitivity. In essence, the response profile of P15 rats is greater than in adults given permethrin. These experiments also show that ASR is a reliable and reproducible test in P15 and adult rats with little habituation across test sessions. These data also show that ASR stability can be improved by pretesting prior to assessment with the independent variable. These data also demonstrate that there is little gain in describing both V max and V avg because of the strong correlation between these measures. Furthermore, within a range of at least 100 g for body weights in adult rats, matching groups for ASR is more effective than matching based on body weights.
